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SUMMARY

TURBULENCE

VANES

Thepowerspectrumofrelativelyshortwavelengthturbulencein
theatmospherewascalculatedfrommeasurementsmadeinf13ght.The
rangeofwavelengthscoveredby thesemeasurementswasfrom10 feetto
200feet.Thepowerspectraldensityvarieswiththesquareof the
wavelengthoftheturbulence.Thisvariationis inagreementwiththe
high-frequencyasymptoteofthespectrumformgenerallyassumedfor
isotropicturbulence.Flow-directionvaneswereusedtomeasurethe
verticslandhorizontalcomponentsof gustvelocitynormalto the
fMghtdirection.Thepowerspectraldensitiesofthetwocomponents
are,forpracticalpurposesjequal.Theuseofvanesisshownto
afforda simple,directmethodof obtainingthepowerspectraldensity
ofatmosphericturbulenceintherelativelyhighfrequencyrangeof
airplaneresponse.

—

INTRODUCTION

Theintroductionofthemethodsofgeneralizedharmonicanalysis
tomeasurementsofatmosphericturbulencehasprovideda formof sta-
tisticalinformationwhichmakesitpossibleto analyzeproblemscon-
cerningthemotionortheflightpathof an airplanewhichisflying
inroughair. Becauseofthersmdomnatureofturbulence,previous
methmlsavailableto airplanedesignersfordescribingroughairpro-
videdonlystatisticalestimatesofpeakvaluesof gustvelocity,
velocitygradients,andthefrequencyof theiroccurrence.Although
thisinformationisusefulforcalculatingmaximumvaluesofairplane
gustresponse,itdoesnotdescribethegustdisturbancein sufficient
detailforcalculatingtheaverageeffectofthecontinuousgustdis-
turbuceontheresponseof anairplanewhichisencounteringatmospheric —
turbulence.Theairplaneresponseto gustsisdeterminedby thedynamic
characteristicsof theairplsme.Theresponseis,therefore,dependent
uponthegustwavelength.Calculatingtheresponseof smairplanein
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turbulentairrequiresinformationpertainingto thegustdisturbance
.

whichdistinguishesbetweengustsofdifferentwavelengths.Theappli-
cationofthemethodsofgeneralizedharmonicanalysistogustdata .
accomplishesthispurpose. —

Thefunctionwhichgivestheinformationinthedesiredformis
calledthepowerspectraldensity.Thepowerspectraldensityofgust
verticalvelocity,forexample,isa functionoftheinversewavelength

.—

whichgivesa measureofthemean-squarevelocityofallthosecompo-
nentsofverticalvelocityhavingwavelengthswithinan incremental
bandwidth.Themean-squaregustvelocityis,therefore,equaltothe

-

areaunderthepower-spectral-densitycqrve.Themean-squarevalueof
a functionhasby electricalsnalogycometobe consideredintermsof
averagepower.Thepowerspectraldensityofa function,therefore,
describesthemannerinwhichthetotalaveragepowerofthefunction
isdistributedovertheentirefrequencyrsnge.A completemathematical

—

developmentoftheconceptsofthepowerspectraldensityofa random
functioncanbe foundina numberoftext-s(forexsmple,ref.1). Some
particularapplicationsofthepower-spectxymconcepttoairplane
responsetoatmos~hericturbulencecanbe foundinreferences2 and3.
Someoftheproblemsinvolvedinthecalculationofthepowerspectrum
froma finitetimeseriesaretreatedinreference4.

Theusefulnessofthepower-spectrumconceptofrandomfunctions
liesinthetheoremthatthepowerspectrumoftheresponseofa linear
systemsubjectedtoa random.disturbanceisequaltothepowerspectrmn v
ofthedisturbancemultipliedby theamplitudesquaredofthefrequency-
responsefunctionofthesystem.Itisthisrelationshipwhichmakes
possibletheevaluationoftheeffectofatmosphericturbulenceonair- tl
planesandairplmecontrol.systems.Someexamplesofproblemscon- -.
cerningatmosphericturbulencewhichcanbe analyzedin thismsmner
areairplanepassengercomfort,trackingorbonibingerrorsdueto fl.ight-
pathresponseofairplanes,andtheeffectsofthecombinedspsnwise
smdchordwisevariationsof s.ngleofattackona winginturbulentair.

Beforethesemethodscancomeintogeneralusage,thedesigner
musthaveavailablereliableinformationintheformofspectraldensi-
tiesofatmosphericturbulence.Theneedexists,therefore,forexten-
sivemeasurementsofturbulenceovera widerangeofwavelengthsrepre-
sentingmanydifferentmeteorologicalandtopographicalconditions.
Withsufficientdata,itcanbe determinedtowhatextentthenatureof

.-

turbulentaircanbe generalizedorwhatspecialconditionsmustbe
imposedbeforea.g~neralizedpowerspectrumcanbe.appliedto specific
problems.Thefirstworkinthisdirection(ref.2)presentsdataand
describesa methodofobtainingthepowerspectrumofgustvelocities
inthefrequencyrangenormaUycalledtheshort-periodrangeofan
airplane.Fortheairspeedoftheairplaneinreference2,thisshort-

—
w“

periodrangecorrespondstoa rangeofgustwavelengthsfromapproximately

.
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200feetto 2,000feet. Otherworkhasbeen
toverylowfrequenciesor longwavelengths.

Thepurposeofthispaperistopresent
wavelengthmeasurementsof gustvelocities.
coveredisapproximatelyfrom200feetto10

doneto extendmeasurements

thespectnunof someshort-
Therengeofwavelengths
feet. Thedatapresented,

whenconsideredwithmeasurementsatthelowerfrequencies,szeuseful
inextendingtohigherfrequenciesthedataavailableonwhichapproxi-
mationsofgustpowerspectraldensitiescanbebased.Themeasurements
wereobtainedby theuseof flow-directionvanesmountedon a boom
dead ofthenoseofan airplane.Thismethodprovidesa readymeans
foracctiatinga largeamountofdatainthisfrequencyrangeandit
canbe employedsimultaneouslywithothermethmisformakingmeasure-
mentsinthelowerfrequencyranges.
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SYMBOLS

powerspectraldensity

frequency,cyclespersecondorcyclesperfoot

finiteintervaloftime,see;also,scaleof turbulence,f%

verticalvelocity,ft/sec

time,sec

distancefromsngle-of-attackvaneto centerofgravityof
airplane,ft

longitudinalaxisofreferencefixedinairplane

normalsxisofreferencefixedinairplane

airplaneangleofpitch,radians

airplsmeforwardvelocity,ft/sec

angleofattack,radians

frequency-response-functionnotation

8

.
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Subscripts:

i input

o output

g gust

v vane-indicated

a airplane

A dotovera quantityindicates

— .

.—

differentiation

INSTRUMENTATIONANDTESTS

with

Flow-directionvanesona fighterairplanewere
angleofattackandangleofsideslip(fig.1). The

respectto time.

usedtorecord
vanesweremass

Q
-. .-

.“

balancedandlocated54 inchesaheai-ofthenoseoftheairplane.The
undsmpednaturalfrequencyofthevsmesatsealevelandata test
airspeedof2&3feetpersecondwasapproxiwtely45 cyclespersecond.
Thedsmpingratiowas60percentofcritical.Thesevalueswere
obtainedby tind-tunneltests.Therecordingsystemwasproperly
dampedandhadanundampednaturalfrequencyofapproximately100cycles ●

persecond.StandardNAC!Aairspeed-altimeter,linesr-acceleration,
am@lar-velocity,andattitude-pitchrecorderswereused. A statoscope
havinga sensitivedifferentialpressurecelg.witha scalerangeof L
+3inchesofwaterwas employedtomeasurevariationsinpressure
altitude.

Theairplemewasflownina straightpathatemaltitudeofapproxi-
mately1,000feetwitha minimumofcontrolapplicationforperiodsof
1 minuteorless.Testrunsweremsiiewiththeairplsmeflyingboth

.-

parallelad perpendiculartothewinddirectionovercomercialand
light-industri.slareasintfievicinityofPortsmouth,Va. Thetest
runsweremadeinclearairontwoafternoonsinlatesummer.The
datesandotherinformationpertinenttothe
table1.

MBI’HODOFANALYSIS

Therelationshipswhich
densityofa randomfunction

Definitions

testrunsare

pertainto theconceptofthe
arepresentedhereasdefined

givenin

s

powerspectral
inreference1.._

.
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Gustvertical.velocityis chosenasthefunctionforwhichthespectral
densityisof interest.If wg(t) isdefinedas theverticalcomponent
ofgustvelocity,thespectraldensityof wg CSXLbe definedinthe
followingmanner.For -T~t~T,let

f(t)= Wg(t) (la)

andelsewhere,

f(t)=0 (lb)

TheFouriertrsnsformof f(t) existsandisby definition

mJ fT
F(f)= f(t)e-~j%t = f(t)e-~jftdt (2)

-co -T

Thepowerspectraldensityof gustverticalvelocityis thendefinedas

forwhichonlypositivefrequenciesareconsidered.Themean-square
7 isfoundby integratingthepowervalueofgustverticalvelocitywg

spectrum ,

T J‘g=o G(f)df (4)

TheoutputspectrumGo(f) oftheresponseofan timl~e (whichiS
assumedtobe a Hnesr system)inroughairwhichhasthespectmmnGj(fJ
is (ref.1,p. 288) -

Go(f)= lY(~jf)12Gi(f)

where y(~jf) is thefrequency-responsefunction
responseoftheairplaneto thegustdisturbance.

(5)

whichrelatesthe

.

.
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MeasuringTechnique
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Mostofthemethodsofobtainingthepowerspectrumofatmospheric ●

turbulen~ewhichhavebeenreportedrequiretheuseofthe frequencY-_
responsefunctionwhichrelatestheresponseoftheairplanetothe
gustinput.h uti~zingthistechnique)therespo~eoftheairp~e .._~
inroughairismeasuredandthepowerspectraldensityoftheresponse

.-

iscomputed.!l?hepowerspectrumofthegust-velocityinputisthen
calculatedby using equation(5).

.
Whenpossible,theresponseis

measuredwiththecontrolsfixed.Ifthelengthofrecordrequiredis
—

toogreatfortheairplaneto stsyintrimwithoutcontrolcorrections,
theeffectsofthecontrolinputsmustbe removedandtheanalysis
becomescumbersome.Inthisevent,a stabilizedairplanemaybe used,
inwhichcaseitisnecesssryto knowthefrequency-responsefunction
oftheairplane-autopilotcombination.

Sincethemeasurementsdescribedinthispaperareconfinedto
high-frequencygusts(1cyclepersecondandhigheratanairspeedof

.-

220feet-persecond),it”ispossibletoemploya flow-directionvane
astheprimarymeansofmeasurement.Thegustvelocitycanbe calculated
fromtheindicationsofthevaneandcorrectedfortheeffectofthe
airplaneresponseto thegusts.No frequency-responsefunctionsfor
theairplaneae required,andnorestrictionsontheapplicationof -

..

controls.arenecessary.
..

GeometricalRelationships
.

Thegeometricalrelationshipsfortheairplaneandflow-direction
.

or angle-of-attackvaneareshowninfigure2. Allanglesareassumed
tobe smallvariationsfromthesteadystate,andsmallanglevalues

~,

areassumedforthetrigonometricfunctions.Ifvariationsinupwash
—

areneglected,thevane-indicatedale ofattack% Cm be expressed
as

.

c% .%+ag-; (6)

where 1 isthedist~cefromthevaneto thecenterofgravityof the
airplane.Theterm 70 istheverticalvelocityatthevaneresulting
frompitchingvelocityof theairplane.Theboomisassumedtobe rigid.

Sinceaa = e + ‘$ =w&”the gust~elOCity Wg- ~g ~> can be written . —
——

as

(7) -
.
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Theonlyqyantitynotmeasureddirectlyistheairplsmeverticalvelocity
whichcanbe calculatedby integratingthenormalaccelerationsasdis-
cussedinthefollowingsection.

MethodofCalculation

Thequantity(gustverticalvelocity)forwhichthepowerspectral
densityisrequiredisgivenin equation(7Jasthesumofmeasuredor
calculatedquantities.Theprimaryquantityisthevanemeasurement
ad thosedescribingairplanereactionsarecorrectionterms.The
simplestwsyofhandlingthisproblemis.toperformfirstthearithmeti-
calcalculationsindicatedin equation(7) to obtaina singlerecordof
computedgustverticalvelocities.Theresultscanthenbeprocessed
to obtainthepowerspectraldensityofthegusts.Theonlyquantity
notmeasureddirectlyistheverticalvelocityoftheairplane.Normal
accelerationandvariationsinpressurealtitudeweremeasuredtopro-
videinformationforcalculatingtheairplaneverticalvelocity.The
normalaccelerationswereintegratedandtheslopeof thepressure-
altitudecurveprovidedtheinitialvalueofverticalvelocity.The
calculatedverticalvelocitieswereintegrateda secondtimeforcom-
parisonwiththepressure-altitudecurve.

Sincegustsofrelativelyshortwavelengthwereofprimaryinterest,
theassumptionthattheamgle-of-attackvanegivesa sufficientlyaccu-
ratemeasurementofthegustverticalvelocitywithoutcorrections
(Wg=V~) wasconsidered.~is assumptionwouldprotidea greatsating
inthefilmreadingrequiredto correctfortheairplaneresponse.For
thispurposea trialrecordofapproximately20 secondsdurationwas
analyzedtodeterminetheimportanceofthecorrections.Thepower
spectraldensityofthegustverticalvelocitycalculatedfromequa-
tion(7) iscomparedinfigure3 withthatobtainedby assumingno
airplaneresponse.Thecomparisonindicatesthat,above1 cycleper
second,itisunnecessaryto correctthevanemeasurementsforthe
effectsoftheairplaneresponseto thegustsfortheparticularairplane
used. Thevertical-velocityresponseofthetestairplanein therange
of frequenciesof interestis so smallthatthecorrectionsmsybe neg-
lected.Thefrequencyrangeforwhichthiseffectistrueforother
airplsnesdepends,of course,uponthedynamiccharacteristicsofthe
particularairplane.

AnalysisofGust-ResponseCharacteristicsof

Vsne-AirplaneConibination

Inorderto obtaintheoreticalverificationoftheapparentfact
thattheairplaneresponsemsybe neglectedinthecalculationofgust
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powerintherelativelyshortwavelengthrange,ananalysisoftheproblem
wasmadeintermsofthetheoreticalfrequency-responsefunctionsofthe
airplane.Iftheassumptionismadethatthereareno appliedcontrols
ordisturbancesotherthanthegust,thefollowingrelationshipsfor
therigidairplanecanbewritten:

[1]
%Ua= —agag

}

6=
[1)
6— agCLg

(8)

wherethebracketedtermsrepresentthefrequency-responsefunctionsof
theairplsnewhichrelatetheangleofattackandrateofpitchtogust
inputs.Theperformsmceofthevaneasa gust-measuringinstrumentcan
be obtainedby substitutingequations(8) intoequation(6) andsolving
fortheratioofthevaneresponsetothegustinput

(9)

Theairplmefrequency-responsefunctionswhichappearinequa-
tion(9) werecalculatedinsmunpublished~alysisofthetwo-degree-’
of-freedomresponseofthetestairplaneforthetestconditions.The
analysisincludedtheeffectsofunsteadyliftonthepitchingmoment
andliftduetogustsaswellas anapproximationoftheeffectofa
nonuniformdistributionof angleofattackacrossthewingspandueto
short-wavelengthgusts.Withtheseairplanefrequency-responsefunctions,
thefrequency-responsefunctionof thevane-airplanecombinationasan
inst~nt formeasuringgustverticalvelocj.tywascalculatedfrom
equation(9) andplottedinfigure4. Fromthisfigureitappearsthat,
forthetestconfigurationofvaneandairplane,thevaneperformsvery
wellasa gust-measuringinstrumentatfrequenciesabove1 cycleper
second.Below1 cycleperseconditwouldseemthatthevanemeasure-
mentswouldbe useful,ifcorrectedfortheeffectof theairplane
response,downtoapproximately0.1cyclepersecond.Belowthisfre-
quencytheairplaneresponsebecomesthegiehterpartandvanemeasure-
mentsareofnofurtheruseforobtaininggustverticalvelocity.

Thefractionalerrorinthepowerspectraldensityofvane-
indicatedgustverticslvelocitywithoutcorrectionsfortheairplane
responsecanbe determinedintermsoftheperformancefunctionof
equation(9) by theuseof the theoremof equation(5) as follows:

—

.—
—

—

.

—

e

●
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PSD(wa)- PSD(WV)
PSD(Wg)

pSD(Wv)= ~= 1-
[1

- #
—

PSD(Wgj ag

9

(10)

where PSD() representsthepowerspectraldensityof thequantityin
parenthesesand Wv isthevane-indicatedverticalvelocity(wv= V%).
Theerrorinthevane-masuredpowerspectrumdueto airplaneresponse
canbe calculatedfromfigure4 andequation(10).Theerroris less
than10percentforfrequenciesgreaterthan1 cyclepersecond.

PRESENTATIONOFFUH.JLTS

Thepowerspectraldensityofgustverticalvelocitywascalculated
frommeasurementsmadewithanangle-of-attackvsmeby followingthe
procedurerecommendedinreference4. Figure5 representstheaverage
powerspectrumobtainedfromthreetestrunsoffrom50 to60 seconds
eachmadeontwodifferentdsys. Thedataapproximatea straightline
whichhasa slopeof-2whenplottedonlogarithmicpaper.Eachpoint
hasassociatedwithita bad ofconfidencefromthestandpointof sta-
tisticalreliabilitywithinwhichthetruevalueliesfora givenproba-
bility(refs.3 andlt).Theconfidencebsridfor90-percentprobability
wascalculatedforthefairedspectrumandisshownby thedashedlines
infigure5. Eachcalculatedpointrepresentstheaveragepowercon-
tainedinthebandwidthwhichiscenteredaboutitsndextendshalfway
totheadjacentpoints.Itshouldbe noticedthatthebandwidthover
whichtheaverageistakenisincreasedwithincreasingfrequencywith
theresultthatthereliabilityisgreateratthehigherfrequencies.

Thebandwidthsoverwhichtheaveragepowerwascalculatedare
illustratedbetterinfigure6. h thisfigurearecompsredthepower
spectraof gustverticalvelocitycalculatedfromanupwindtestrunand
a crosswindtestrunwhichwereobtainedonthesamedsyonlya few
minutesapart.Theresultsareplottedasbargraphs.Theheightof
eachbarorsteprepresentstheaveragepowerdensityfortheband
widthoverwhichitextends.The90-percentconfidenceWnits forfig-
ure6 arethesameasthosegiveninfigure7, whichshowsa comparison
ofthepowerspectraofgustverticalvelocityandgusthorizontal
velocitynormaltotheflightpathrecordedsimultaneously.The90-percent
confidencelimits,althoughshownrelatedtothestraight-linefairingof
thevertical-velocityspectrum,hreapplicabletoboth. Theassumption
ofno responseoftheairplsneismadeinthecalculationofeach
spectrum.

Thestandarddeviationsofgustverticalveloci~fortheupwind
andcrosswindtestrunsonthesamedaywere2.9and3.0feetpersecond,
respectively.Thestandarddeviationfortheverticalsndhorizontal
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componentsofgustvelocityrecordedsimultaneouslywere2.1and4.8feet
persecond,respectively.Thecompsrati.velyhighstandarddeviationof
thehorizontalvelocityisa resultof low-frequencypowerintherecord ““
whichresultedfroma lightlycontrolledDutchrolloscillationofthe
airplaneandisnoticeableinthelow-frequencyvaluesof figure7.

Theprobabilitydistributioncalculatedforthe20-secondtrial
recordusedinobtainingfigure3.isshownj.nfigure8 forcomparison
withthe“fittednormaldistribution.

DISCUSSION

The-powerspectgnnn.ofgustverticalvelocityiSpresentedinfig-
ure5. Forcomparison,thelowerfrequencyspectrumof reference2 is
alsoshown.Bothspectraarecompwedwitha straightlinewhichhas..
a slopeof-2. Itisevidentthatatmosphericturbulenceiswell
representedby a functionwhichvariesinverselywiththesqusreofthe
frequency.Thespectrumformwhtchhasbeenfoundtobe suitablefor
describingisotropicturbulenceformeasurementsobta!nedinthisma~er
isrepresentedby thefunction(ref.7)

G(f)= G(0)
1+ 3(~fT)2

~ + (afTf12

(11)

TheconstantT isthescaleofturbulencewhichhasthedimensionsof
secondsorfeetdependinguponwhether.f “.:sfrequencYorinversewave-
length.TheconstsmtG(0) isproportionaltoboththescaleofturbu-
lenceandthemean-square”turbulencevelocity..~e high-frequency
asymptoteofequation(n) isproportionalto f-2 whichisinagree-
mentwiththeexperimentalobservations.TJetheoreticalspectrumhas- _
a breakfrequencyatthevalueforwhichthewavelengthisequalto ~T.
Below.thisfrequencythe.value”ofthepoweg_spectrumapproachesthe ,+
constantvalue G(0).Noneofthe”dataoffigure5 extendtowavelengths
longenoughtoconfirmthischaracteristic,

Thepowerspectrumoffigure5 istheaverageofthreerecords,
twoofwhichweretakenonthesamedayonlya fewminutesapart.One
of thetworecordswhichweretakenonthesamedsywastakenwhile
flyingupwind;theotherwastakenwhileflyingcrosswind.h figure.6
thepowerspectraldensitiesof thesetworecordsarecompared.The
averagewinddirectionappearstohaveno effectonthemeasurements.
Thespectrainfigu-e6 arepresentedasbw graphs in order to Wustwts.
better the bandwidthsoverwhichtheaveragepoweris calculated.The _
ssmebandwidthsareusedinfimmes5 to7.

.

—
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—
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—
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Thethirdrecordwasobtainedona differentdayhavingsimilar
weatherconditions.Thisrecordincludedsimultaneousmeasurementsof
angleofattackandangleofsideslip.Thepowerspectraldensities
ofgustverticalvelocityandgusthorizontalvelocitynormaltothe
flightpatharecomparedinfigure7. Thecalculationsforeachcom-
ponentweremadeby assumingno airplaneresponse.Thestatistical
confidencelimitsareshownforthefairedvertical-velocityspectrum.
Similarlimitsareapplicableto thehorizontalcomponent.Withallow-
ancesforthelargelow-frequencypowerinthehorizontal-velocity
spectrumwhichistheresultofa lightlycontrolledDutchrolloscilla-
tionoftheairplane,theagreementbetweenthetwocomponentsisgood.

-problems concerned~th gustclisturkncesinvolveconsidera-
tionsofnormality,homogeneity,andisotropyofturbulentair. The
probabilitydistributionofgustverticalvelocitywascalculatedonly
forthe20-secondtrialrecordwhichwasusedtodeterminetheeffect
ofneglectingtheairplaneresponse.Figure8 showstheresultcom-
paredwiththefitted.normaldistribution.Figures6 to 8 meyencourage
assumptionswithregardto considerationsofnormalityandisotropy.
Figure7 suggeststhatat leasttwo-dimensionalisotropyexists.The
useofangle-of-attackandangle-of-sideslipvanesinthisfashionwith
theadditionofa sensitiveairspeedrecordingsystemformeasuring “
airspeedfluctuationsdueto gustswouldbe veryusefulformaking
detailedstudiesof isotropyof atmosphericturbulence.By measuring
threecomponentsofgustvelocitywithrespecttotheairplane,theo-
reticalrelationshipsbetweenlongitudinalandtransversecorrelations
forisotropicturbulencecouldbe checked.

Theresultsofthisandotherexperimentaldeterminationsofthe
spectrumofatmosphericturbulenceseemto justifytheuseofthe
spectrumformofequation(11)forthoseproblemsthatrequirethe
determinationoftheeffectofroughairon theperformanceofan
aircraftcontrolsystem.Morelong-wavelengthdataareneededin
ordertodefinethespectnuninthevicinityofthebreakfrequency.
Thetwoprimarycharacteristicsoftheturbulencespectrumarethescale
andintensity.Itmustbe determinedoverwhatrangeofvaluesthese
characteristicsvaryand,fromthestandpointofstatisticalprobability,
whatdesignvaluesshouldbe chosenforspecificproblems.Inparticular,
thevalueofthescaleofturbulenceisimportantinthoseproblemsfor .
whichthefrequencyrangeofinterestisaffectedby thebreakfrequency
oftheturbulencespectrum.

Forthepurposeofaccumulatingdataonatmosphericturbulenceover
a widerangeofwavelengths,flow-directionvanesofthetypeusedin
thisinvestigationshouldbe veryusefulexceptattheverylowfre-
quencieswithrespecttotheresponseofairplanes.AsWY indicated
infigure4 andthesectionentitled“hkthodofAnalysis,theangle-of-
attackvanegivesa directmeasurementofthegustverticalvelocityat

—.
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.

thosefrequenciesforwhichtheairplaneresponseisnegligible.At
lowerfrequenciesthevaneindicationscanbe correctedfortherespotie‘
oftheairplanetoafforda measurementof“thegustverticalvelocity. *-
Inthisrangeoffrequenciesthegustpowerspectrumwhichiscalculated
from thecorrectedv-e indicationscanbe usedto calculatetheampli-

—

tudecharacteristicsoftheairplanefrequency-responsefunctionorto
checkthederivedfrequency-responsefunction.At stilllowerfrequen- ‘- ‘~
ties,theairplaneresponseqmntitiessre-;heprimsrymeasurement;so —

thefrequency-responsefunctionfortheairplane-autopilotconibination “-
mustbeused(sinceit seemsdesirableto stabilizethephugoidmode““–

:

oftheairplaneundertheseconditions).

CONCIUDINGREMARKB

A flow-directionvanemounted
providea goodmeasurementofgust
abovetheshort-periodresponseof
affordsa simple,directmethodof

onanairplanehasbeenshownto
velocityintherangeoffrequencies
theairplane.ThisWe ofvsnes

.

obtaini~thepowerspectraldensity
ofatmosphericturbulenceinthatfrequencyrange.By correctingthe
vanemeasurementsforairplaneresponsetogusts,thespectrmcanbe
extendedtolowerfrequencieswhichincludea largepartoftheshort-
periodrange.Therefore,whenairplsmeresponseismeasuredforthe
purposeofcalculatingthepowerspectrum,ofgusts,anadvantageisto ~ -
be gainedby recordingangle-of-attackandangle-of-sideslipvane
indicationssimultaneously.In additiontoextendingthersmgeover

—

whichthespectrumcsnbe calculatedtohigherfrequencies,thespectrum
calculatedfromthevaneresdings,whencorrectedforairplaneresponse, v

canbe usedto checktheresultsofthelowerfreqyencymeasurements
whichrequiretheuseoftheoreticalairpl~e-responsecharacteristics.

Themeasuredpowerspectraldensi~ofgustsdisplsysan inverse-
squarerelationshipwithfrequency.Thatis,theaveragepowerperunit
bandwidthvarieswiththesquareofthewavelengthoverthefrequency
rangecovered.Thewavelengthscorrespondingtothefrequencyrange
coveredinthesemeasurementsarefrom220feetto 10feet.This

-—

inverse-sqyarevariationfollowsthetrendexhibitedin othermeamre-
mentsofgustspectracoveringlowerfrequencybands.Untilthereare
accumulatedsufficientdataonthepowerspectral!iensityofatmospheric
turbulenceto setup designcriteriabasedon statisticalconsiderations,
thisformofthespectrumofturbulenceshouldbeusefulforinvestigating
theeffectsofturbulenceoverthosefrequencyrsngesofinterestto

——

airplaneorcontrol-systemdesigners,providedthescaleofturbulence
canbe assumedtobe large.Forthoseproblemsforwhichthefrequency
rangeofinterestissffectedby thebreakfrequencyoftheturbulence
spectrum,a valueofscalemmt be assumedforusewiththetheoretical R
spectrum.

—

.
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Thepowerspectraldensitiesof
horizontalvelocityperpendicularto
forpracticalpurposes,equal.This

13

gustverticalvelocityandgust
theflightpathwerefoundtobe,
resultissuggestiveoftwo-

dimensionalisotropy.~-ormationconcerningisotropyinatmospheric
turbulenceinthehigh-frequencyrangecouldbeobtainedresdilyby
useofa sensitiveairspeedrecordingsystemwithangle-of-attackand
angle-of-sideslipvenesformeasuringthreecomponentsofgustvelocity
withrespectto theairplane.

LangleyAeronauticalLaboratory,
NationslAdvisoryCommitteeforAeronautics,

LangleyField,Va.,August24,1954.
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1, 2, 3,
Aug.22,1932 A*. 22, 1952 S@. 9, 1952

Record lengt. h,ae c..... . . . . . 56
Altitude, ft . . . . . . . . . . . . . 1,000 9% 6%
Free-airtemperature,‘c . . . . . . . 22
liinddirection. . . . . . . . . . . . 3$ 3$ 30
@proximatetid velocity,knots. . . 8 8 16
FU.@tdirection. . . . . . . . . . . upwind crosswind ---
Stand&&ldeviationofvane-indicated
gustvarticalvelocity,ft/sec. . . 2.9 3.0 2.1
Stamianideviationofvane-indicated
gusthorizontalvelocity,ft/sec. . ---—- --------- b.8
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Figure l.- Installationof flow-directionvanes for meamring gust

velocities.
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3.- Comparisonofpowerspectraldensityofgustverticalveloc-
asobtainedfromcorrectedanduncorrectedflow-directionvane.
220feetpersecond.
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Figure 4.-Frequency-respon8efunctionwhichdescribestheperformmcee.
of vane-airplaneconibinationas gust-masuring instrument, q .L kJ
V = 220 feet per second.
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Figure5.-Averagepowerspectrumof gustverticalvelocityobtained
fromthreerecordsshownforcomparisonwithdataofreference2.
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thesamearea.V = 220feetpersecond.
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